Color constancy is the perceived stability of the color of objects despite changes in the light illuminating them. An object's color is considered constant if the current perceived color is judged to be in accord with the remembered one. Thus the accuracy and precision of color memory are fundamental to understanding this classic problem. Two hypotheses of color memory are tested here: (1) the photoreceptor hypothesis, which states that the color recalled from memory reproduces the light absorbed by each type of cone and (2) the surfacereflectance hypothesis, which states that the color recalled from memory is based on an inferred spectral reflectance of a surface that does not depend on the spectral distribution of the illuminant. In the experiments a test color is surrounded by either (i) a complex pattern composed of several colored patches or (ii) a uniform ''gray'' field at the chromaticity of the illuminant. In a control condition the test color is presented on a dark background. Long-term memory of the test color is measured in a production task begun 10 min after the end of the learning phase. In general, the results with a complex surround are consistent with the surfacereflectance hypothesis but not with the photoreceptor hypothesis. Color memory with the ''gray'' surround, on the other hand, shows a much stronger effect of the illuminant used during learning. These results are consistent with computational models of color constancy that require three or more chromaticities in view.
STATEMENT OF THE PROBLEM
The phenomenon of color constancy has long been appreciated. 1, 2 Color constancy is the perceived stability of the color of objects despite changes in the light illuminating them. 3 Because color constancy is defined in terms of a change in illumination, it implies that the phenomenon occurs over some period of time. It is natural to inquire, therefore, about the role that color memory may play in color constancy. For example, if a person has poor color memory, he or she may not be able to retain the color of an object for comparison with the percept when the object is viewed later under a different illuminant. Most previous studies of color constancy consider a negligible or very short time period during which a color must be held in memory. [4] [5] [6] [7] We consider longer-term memory in a color-constancy paradigm. Our experiments use a training phase and a test phase. For a given observer, only one illuminant is used during the training phase. The illumination is varied during the test phase. During the test phase, observers are asked to produce a color according to their memory of it from the training phase. We are interested primarily in whether the illuminant under which one learns a surface color alters the color produced from memory. Discounting of the illuminant in color memory specifies that the settings of colors from memory during the test phase will be the same regardless of the illuminant during the training phase.
BACKGROUND A. Color Memory
Several studies show that the memory of a color shifts from the originally presented stimulus. [8] [9] [10] [11] Shifts are reported to occur along the saturation dimension, usually toward more saturated colors. Shifts in hue tend to be small and do not show a consistent direction of change. 8 Shifts in brightness are more complex. According to Newhall et al., 9 when the stimulus is bright (i.e., Munsell value greater than 5) it tends to be remembered as an even brighter stimulus. Stimuli with a Munsell value lower than 4 tend to be remembered as darker than actually presented.
Other factors also can affect color memory. One factor is the focality of a color. A focal color represents the most salient color with that color name and is usually the most saturated color. According to Heider, 12 focal colors are remembered more accurately than nonfocal colors. Another factor is the typicality of a color. Typicality concerns the color of familiar objects, the shapes of which are uniquely related to the typical color (e.g., the typical color of a banana). Ratner and McCarthy 13 found that typical colors are remembered more accurately than atypical colors.
In our experiment we use color patches instead of familiar objects. Typicality, therefore, is not considered. The gamut of colors available from the color monitor used in the experiments is limited, so very saturated (and thus focal) colors also are avoided.
B. Color Constancy
The role of peripheral sensory mechanisms in color constancy has been reported in several studies. [14] [15] [16] As mentioned above, most studies do not require a color to be held in memory for an extended duration (that is, for more than a few seconds). An exception is the paradigm used by Brainard and Wandell, 15 who studied a kind of asymmetric color matching under changing illumination. They had observers initially learn a particular color by presenting it on many occasions and by giving feedback about the accuracy of the color when it was produced from memory. The aim of learning the color was to instantiate a mental color percept for later ''asymmetric memory matching'' to a patch within an array under a different illuminant. In this way, the observer was adapted to only a single illuminant when making a match setting. The authors found that color constancy was as accurate as was predicted by receptoral gain changes. Walraven et al. 16 considered local contrast as a factor for explaining color constancy. Their results indicated, at least for long-(L) and middle-wavelength-sensitive (M) cones, that matching a test color implied matching the contrast that it produced at the receptoral level. Therefore the color of a sample could be predicted from quantities available at the receptoral level, without estimation of an illuminant.
There also is clear evidence, however, of mechanisms of color constancy beyond the peripheral level. Arend and Reeves, 5 Arend et al., 7 and Cornelissen and Brenner 17 used a pair of color Mondrians in their experiments. Each Mondrian was a simulated array of colored papers illuminated by a different light. The subject was asked to adjust a test patch in one array either (1) to match the hue and saturation of a particular patch in the other array (hue and saturation match), or (2) to ''look as if it were cut from the same piece of paper'' (Ref. 5 , p. 1744) as a particular patch in the other array (paper match). The two experiments were identical except for the instructions given to the subjects, but the results for these two conditions were quite different. The paper-match condition showed moderately good color constancy, whereas the hue and saturation match showed little constancy. The authors argue that observers can infer approximate chromatic reflectance information while retaining some illumination information. This can be taken as an argument for higher-level perceptual mechanisms of color constancy.
C. Present Study
Despite the intensive interest in color constancy and the many studies exploring its mechanisms, the phenomenon of color constancy is not fully understood. In general, an object's color is considered constant if the current perceived color is judged to be in accord with the remembered one. Thus the accuracy and precision of color memory are fundamental to understanding color constancy. In order to study color memory with complex chromatic displays, the experiments must control many factors that can affect color perception. Chromatic adaptation is controlled here by randomization of surrounding color chips used in constructing the complex patterns (for details see the experimental design). Local contrast is evaluated in experiments that minimize the complexity of the stimulus while holding local contrast constant: A large uniform ''gray'' field surrounds the test color. This surround is a (simulated) surface that reflects all wavelengths equally, so it has the chromaticity of the illuminant. The uniform-''gray'' background condition is compared with a more complex background condition in which the local contrast at the edge of the test color is unchanged but a gamut of colors is presented in more-remote regions outside the test area.
It is useful to specify two extreme hypotheses about color memory. The first specifies that color memory is a record of the light absorbed by the photoreceptors (the photoreceptor hypothesis). The second posits that color memory depends on the spectral reflectance of a surface (the surface-reflectance hypothesis). These two hypotheses do not, of course, exhaust the possible theories of color memory, but they make quite different predictions about the colors produced from memory and thus can be tested with the experiments reported here.
The aim and design of the present study is quite different from that of Brainard and Wandell. 15 In our experiment the object of study is the color held in memory after a single presentation, with particular emphasis on how the color in memory depends on the illuminant during learning. Brainard and Wandell, on the other hand, did not vary the illuminant during learning, so their results do not (and were not intended to) assess how the illuminant during learning affects the color recalled later from memory. Further, the color their observers committed to memory was the product of many learning trials designed to achieve veridical matching when the training illuminant and the subsequent test illuminant were identical. Conceptually, the color learned by their observers was intended to provide a veridical mental standard field to which later stimuli could be matched. The experiments present here, on the other hand, focus specifically on the color in memory from single-occasion learning of a field that is varied-among observers-in illuminant and complexity.
METHODS

A. Apparatus
Stimuli are generated with a Pixar II image processor under the control of a Sun workstation and are presented on a high-resolution color monitor (Nanao T560i). A color lookup table is established for the system to generate stimuli according to their CIE XYZ tristimulus values. An observer can control a light on the Nanao color monitor by adjusting three switches mounted in a metal box. Each switch controls, approximately, one attribute of the stimulus: hue, purity, or luminance. The observer views the screen binocularly without head restraint from a distance of 1 m. The response of the observer is recorded when he or she presses a button also mounted in the box. The detailed calibration procedure for this system is presented by Jenness and Shevell. 
B. Stimuli
The stimulus is composed of a small central circle, a larger concentric circular surround, and eight sectors embedded within the surround, as illustrated in Fig. 1(a) 19 and Nickerson. 20 To simulate a given color chip under a given illuminant, the surface reflectance is multiplied, wavelength by wavelength, by the illuminant's spectral power distribution. 21 This gives the spectral power distribution of the reflected light. The CIE XYZ tristimulus values of this reflected light are computed, and the computer reproduces these XYZ values on the color monitor (subject to a luminance normalization described at the end of this subsection). Because of the limited gamut of the color monitor, only 256 of the 462 color chips could be obtained. These colors were divided into 10 groups according to the perceptual spacing of the The test colors are reflectances for Munsell chips: 5R 4/6 (''red''), 10GY 4/6 (''green''), and 5B 4/6 (''blue''). These Munsell chips represent three distinct hues with medium value and chroma. Medium value and chroma are chosen because we seek to consider the shifts of color memory along all directions of hue and saturation. According to Heider's results, 12 none of the stimuli is a focal color because of the medium chroma. The effect of focality, therefore, is minimized.
The illuminants used are CIE standard illuminants A and C. These two illuminants were chosen because they are quite different from each other and therefore provide considerable power for testing the two hypotheses. The CIE x, y chromaticity coordinates of the three test colors under illuminant A or C are shown in Fig. 1(b) .
The colors in the eight surrounding sectors are randomly chosen from the whole gamut of available colors. Once the central color is determined, the color group containing it is deleted from the set of potential surrounding sectors, thus leaving nine groups available for surrounding sectors. To construct a complex background, eight color groups are randomly chosen from the remaining nine groups, one Munsell chip is chosen randomly from each of the eight groups, and the chosen eight chips are placed in the eight surrounding sectors with random positioning. A new randomized complex background is generated each time a new trial starts. The randomization is intended to eliminate any systematic effect of a particular color in a sector on the remembered test color. Further, this procedure avoids the possibility that observers use any of the colors within the sectors as a cue to the remembered color at test time.
The (simulated) ''gray'' paper, which covers the circular surround, is always Munsell N 4/0. This paper has a nearly uniform spectral reflectance and takes on essentially the chromaticity of the illuminant.
The luminance of the central test color is held fixed through all the experiments so that the observer cannot become adapted to a stimulus of much higher luminance. This procedure also avoids very dark percepts, for which the hue and purity adjustments appear to have no effect (a confusing situation for a naïve observer). The luminances of the surrounding color sectors are scaled to have an average luminance equal to that of the central test, to avoid strong luminance contrast. The ''gray'' background has a luminance 20% lower than the central test. The slightly lower luminance of the ''gray'' background eliminates weak edge perception at the border of the test and surround, which would occur at equal luminance. The average monitor luminance is approximately 8 cd/m 2 . The corresponding retinal illuminance is approximately 85 trolands.
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C. Procedure
At the beginning of the experiment, instructions are given to the subject both visually (written instructions) and auditorially (by a tape recorder). Subjects are instructed to think of the color patches that they see as papers on a table and to remember the central color presented during the training phase. In the test phase the task of the sub- ject is to adjust the color of the central patch so that it looks the same as the color he or she saw during the training phase.
All timing was controlled by the computer. The subject dark adapted for 5 min before beginning the experiment. Two beeps from the computer indicated the end of this period and that the training pattern would be presented. The training pattern was presented for 1 min. A 10-min dark period followed immediately after the training period. In the first 5 min of the 10-min period, the subject did a mental arithmetic task (two-digit summation, e.g., 43 ϩ 28, presented by a tape recorder). The purpose of the arithmetic task was to interfere with the subject's mental processes so that the subject could not rehearse a verbal code for the to-be-remembered color. A new arithmetic problem was presented every 10 s. After the 30 mental arithmetic problems, the subject sat in the dark room for the additional 5 min before the first test pattern was presented.
The central color at the beginning of each test trial was selected randomly. The subject adjusted its hue and purity to the remembered color percept. He or she indicated a satisfactory setting by pressing a button. The luminance of the test was fixed at its training level. The time for making the setting was not limited. After each response there was a 10-s delay before the next test pattern came on. The screen was dark during the delay. This sequence was repeated for 24 test trials. Then, after a 1-min delay, a new part of the experiment was begun. It was composed of four training-trial/test-trial repetitions. Each training-trial/test-trial pair was composed of a 1-min presentation of the training pattern followed, 10 s later, by a test trial. The training pattern that the subject saw was exactly the same as the training pattern at the beginning of the experiment. The screen was dark between each of these training/test trials. The time interval between the four repetitions was 10 s.
All subjects were tested with the same three test colors. Each color was tested in a separate session, with each session run on a separate day. The order of presenting test colors was randomized over subjects. In all three sessions, a given subject always was trained under the same illuminant (either A or C) but was tested under both A and C. Trials with each test illuminant were interleaved in a systematic way by use of three pools of trials: (1) the first four trials, (2) the next ten trials, and (3) the last ten trials. In the first pool, four orders of the two illuminants were used (ACAC, ACCA, CAAC, CACA). Each order was given to a single subject. The second pool had five trials under illuminant A and five under illuminant C. The two test illuminants were presented in a quasirandom order. The last pool was organized in the same way as the second pool. We controlled the first pool more carefully because the first few trials might affect the later results in a recall paradigm.
A given subject saw only one background pattern throughout the several sessions (complex, ''gray'', or test alone).
Each subject completed a practice session before data were collected. The purpose of the practice was to familiarize the observer with the equipment and with the procedure for adjusting the test color. The practice session was composed of four repetitions of the training-trial/testtrial procedure. The training illuminant was the same as the subject would have in later sessions. The practice test color for all subjects was a ''purple'' (Munsell 10PB 4/8).
D. Observers
Twenty-four observers participated in the experiment: four within each combination of training illuminant (A or C) and type of background pattern (complex, ''gray'', or test alone). All were paid undergraduate or graduate student volunteers at the University of Chicago. They were color normal by anomaloscopic examination.
RESULTS
A. Theoretical Predictions
The MacLeod-Boynton cone-excitation space 23 is used to represent the measurements. In this space, the excitations of L/M and short-wavelength-sensitive (S) cones are separated. The two excitation values represent two independent stimulus dimensions. This space is used to examine the accuracy and precision of color memory with respect to two distinct aspects of receptoral stimulation.
The results can be understood more easily if one considers theoretical predictions of the two hypotheses. These are shown schematically in Fig. 2 Consider first the predictions for the test-alone condition [ Fig. 2(a) ]. Under this condition there is no information available in the stimulus to separate surface reflectance from the illuminating light, so there can be no test of the surface-reflectance hypothesis. According to the photoreceptor hypothesis, the recalled color should reproduce the original cone excitations.
Figures 2(b) and 2(c) show the predictions of the two hypotheses with a complex (or ''gray'') background. Now the two hypotheses give different predictions. The photoreceptor hypothesis predicts the same result as in the test-alone condition, because, under this hypothesis, the background is irrelevant. The recalled colors should reproduce the original cone excitations. The surfacereflectance hypothesis, on the other hand, predicts that the measurements from two separate groups of subjects, each trained under a different illuminant, should be the same whenever the illuminant at test time is the same. This prediction is indicated by the two horizontal lines shown in Fig. 2(c) . It follows because the surfacereflectance hypothesis specifies discounting of the illuminant used during training. The horizontal lines are slightly displaced from the training stimuli to indicate that a shift in color memory may occur along with discounting of the illuminant. Figure 3 shows a typical set of raw measurements from one session, with the ''red'' test color, training illuminant C, and the complex background. Only the measurement along the L/M dimension is shown here. In the plot, the crosses (labeled rA, rC, and EE) represent reference colors [as plotted in Fig. 1(b) The results from the test-alone condition show that the average recalled color accurately reproduces the original color. The measurements with the complex background differ qualitatively from the test-alone results. First, there are two separate lines, one for each test illuminant (A or C). More important, the lines connecting measurements for the same test illuminant are close to horizontal, as predicted by the surface-reflectance hypothesis. These results are consistent with discounting of the illuminant used during the training phase of the experiment.
B. Results for the Three Background Conditions
The results for the ''gray''-background condition are similar to those for the test-alone condition and unlike the measurements with the complex background. The illuminant used during training has a strong effect (the lines are not near horizontal). If the illuminant were inferred from the average chromaticity of the background and then discounted, the ''gray''-background condition should show perfect discounting of the illuminant used during training (that is, a horizontal line), because the chromaticity of the ''gray'', by design, is exactly that of the illuminant. Instead, there is much weaker discounting of the illuminant used during training with the ''gray'' background than with the complex background. Figure 5 shows the measurements for the ''blue'' test color. The plots are similar in their patterns to those for the ''red'' test color. The results from the test-alone condition, however, show a significant deviation from the original color on the S dimension under training illuminant C (note the change of scale on the S dimension compared with Fig. 4) . Figure 6 shows the measurements for the ''green'' test color. The deviation of the recalled color from the original color in the test-alone condition is, again, clear on the S dimension but not on the L/M dimension. Note, however, that the magnitude of difference on the S dimension is much less than for the ''blue'' paper (note change of scale from Fig. 5 ). In the complex-background condition, the trend is similar to the results for the other test colors. The ''gray''-background condition, however, shows less effect of the illuminant used during training than for the ''red'' or ''blue'' test (Figs. 4 and 5, respectively) .
C. Statistical Analysis
To examine more thoroughly the effects of different factors on these measurements, and also to test the theoretical predictions of the photoreceptor and surfacereflectance hypotheses, a three-way split-plot analysis of variance was completed. For the complex-and the ''gray''-background conditions, there is one betweensubject factor (illuminant used during training) and two within-subject factors (test color and test-phase illuminant). For the test-alone condition, the test-phase illuminant is not included as a factor, because illumination and reflectance cannot be separated when only the test is in view. Analyses were done separately for each coneexcitation dimension.
The results of these analyses are summarized in Fig. 7 , which shows whether each effect in the analysis-ofvariance model is significantly different from zero. The significance of the F test is indicated in the first line of each cell. Below it are symbols representing the two theoretical hypotheses: SUR refers to the surfacereflectance hypothesis, and PHO refers to the photoreceptor hypothesis. BOTH means that the two hypotheses do not predict different results. A clear open box means that the F test is consistent with the hypothesis. A box with diagonal lines through it means that the result is contrary to the prediction of the hypothesis. For example, the first column shows whether there is an effect of the illuminant used during training (A or C) on the recalled color. In the complex-background condition (fifth and sixth rows), the SUR hypothesis predicts that the illuminant used during training does not affect the measurements, whereas the PHO hypothesis predicts an effect. The F-test result is not significant (N.S.). Therefore the result is consistent with the prediction of the SUR hypothesis (indicated by the clear SUR box) but does not support the PHO hypothesis (indicated by the diagonal lines in the PHO box).
In the test-alone condition, the F tests show that both the illuminant used during training and the test color (''red'', ''green'', or ''blue'') affect the measurements, as expected. Most of the F values are consistent with both hypotheses. The only inconsistency between the data and the predictions is the lack of significant interaction between test color and the illuminant used during training, for the L/M dimension. This is a Type II error in that the data fail to reject the null hypothesis when rejection is predicted. Type II errors, which are indicated in Fig. 7 by lines in boxes that do not cover the letters PHO or SUR, cannot be used to reject a hypothesis.
In the complex-background condition (bottom two rows in Fig. 7) , the effect of the illuminant during training is not significant, whereas the test illuminant does affect the measurements. Most of the F values are consistent with the prediction of the surface-reflectance hypothesis and are contrary to the predictions of the photoreceptor hypothesis. The only error for the surface-reflectance hypothesis is the nonsignificant interaction between test color and test illuminant on the L/M dimension, which is a Type II error. The photoreceptor hypothesis, on the other hand, predicts no effect of test illuminant, but the results show such an effect on both the L/M and the S dimensions. These are Type I errors for the photoreceptor hypothesis in that the data reject a null hypothesis when rejection is not predicted. Type I errors, which are indicated in Fig. 7 by lines in boxes that cover the letters, are much more informative than Type II errors for testing a theory. In total, the photoreceptor hypothesis shows three Type I errors and four Type II errors in the complex-background condition.
The results of the data analysis are more complicated for the ''gray''-background condition.
The surfacereflectance hypothesis shows three Type I errors: the hypothesis about the illuminant used during training on both the L/M and S dimensions and the interaction of test color and illuminant during training on the S dimension. There also are two Type II errors. On the other hand, the photoreceptor hypothesis shows two Type I errors (test illuminant on both the L/M and S dimensions) and one Type II error.
In summary, the surface-reflectance hypothesis is consistent with the measurements with the complex background, whereas the photoreceptor hypothesis is not. Neither hypothesis is consistent with the measurements with the uniform ''gray'' background that has the chromaticity of the illuminant.
D. First-Trial Data
In the experiments described above, we tested each subject with 24 repetitions of the test trial and analyzed the mean of the results (12 trials with each test illuminant). This allows for the possibility that the repetitions affected the subjects' responses, so we examined also the measurement on the first test trial from each subject. The firsttrial data show the same pattern of results (data not shown), but most of the F values from analysis of variance are not significant. This is due in part to half as many subjects contributing to each value, since only half of the subjects could receive either illuminant A or C on their first trial.
E. Short-Delay Data
The results of the short-delay part of the experiment (10-s interval between the training phase and the test phase) are shown in Fig. 8 . For convenience, we refer to the previously given results with 10-min delay as the long-delay experiment.
In the test-alone condition the recalled colors in the short-delay condition (symbols connected by thick lines) are similar to those found in the long-delay condition (thin lines). The recalled ''blue'' test color on the S dimension is now closer to the color presented during training. We expected improvement, where possible, when the time interval between training and test phases is reduced from 10 min to 10 s and training stimuli are repeated.
In the ''gray''-background condition the short-delay results are similar to those from the long-delay experiment. The effect of the illuminant used during training, as indicated by nonhorizontal lines, is clear for the ''red'' and the ''blue'' test colors, though not for the ''green''.
In the complex-background condition the effect of the illuminant used during training is much stronger in the short-delay condition than in the long-delay condition for the ''red'' test color on both dimensions and for the ''blue'' test color on the L/M dimension (compare the slopes of thick lines and thin lines).
An analysis of variance was completed to test the effects of the various factors in the short-delay experiment, as for the long-delay results above. In the complexbackground condition, the only difference between the F-test results for the short-delay and the long-delay experiments is that the illuminant used during training shows a significant effect on the L/M dimension in the short-delay condition. This is consistent with the impression gained from Fig. 8 . Therefore the illuminant during training is not discounted in the complexbackground condition when the delay is 10 s rather than 10 min.
In the ''gray''-background condition, the only difference in the F-test results between the short-delay and the long-delay conditions is the interaction of test color and test illuminant on the S dimension. It is now consistent with the surface-reflectance hypothesis. Overall, however, neither of the two hypotheses offers a good account of the ''gray''-background results; this was also true for the long-delay experiment.
DISCUSSION
A. Effect of Context on Recalled Colors
Several researchers have investigated the effect of context on color constancy by using a color-matching paradigm. [5] [6] [7] In their experiments both a homogeneous annular surround and a Mondrian background were used in studies of simultaneous color constancy. The results showed little difference between these two background conditions. In our experiments, however, we find that the complex and the ''gray'' backgrounds have very different effects on the measurements. The color recalled from memory after a 10-min delay is least affected by the illuminant used during training when multiple color chips are present. The illuminant during training has a strong effect on the recalled color when only a ''gray'' background is present, even though the ''gray'' background is at the chromaticity of the illuminant. Our results are consistent with some models that take a computational approach to color constancy. [24] [25] [26] Under these models, color constancy improves with the number of distinct chromaticities in a scene.
An important difference between the experiments reported here and most previous studies is that our observers had a single opportunity to learn the color before the 10-min delay. In contrast, Arend and Reeves, 5 for example, used an asymmetric color-matching procedure in which the observer frequently glanced back and forth between a test pattern under one illuminant and a standard pattern under a different illuminant. Their observers had to keep a color in memory for only a second or so and could recheck the color being matched at will. This paradigm is closer to the multiple-training, short-delay paradigm used in the second part of our experiment (see Fig.  8 ), in which we found no qualitative difference between the complex-and the ''gray''-background conditions. It is an open question whether the critical factor is the shorter delay or the repeated viewing of the training color (or both), but our results are not at odds with previous studies that show that complexity can have a minimal effect on measurements of simultaneous color constancy.
B. Shifts of Color Memory
We examined measurements from the long-delay experiment for which the training and the test illuminants were identical to assess simple shifts in color memory. Results from the test-alone condition and the complexbackground condition are plotted in a CIE diagram in Figs. 9(a) and 9(b), respectively. The CIE diagrams show the chromaticity coordinates of the CRT's phosphors and the equal-energy white point (filled diamonds), the colors presented in the training phase (filled circles), and the average recalled colors (open circles). Measurements from Fig. 1(b) . the first of the 24 test trials also are plotted for comparison in Fig. 9(b) (open triangles) . An arrow indicates the direction of the shift in memory, with the tail of the arrow at the training color and the head at the recalled color. The letters labeling the symbols give the test color and the illuminant used during training. For example, rA signifies the ''red'' test color under illuminant A. Because we used three test colors and two illuminants during training, six stimuli with different chromaticity coordinates are shown.
First consider the test-alone condition. The results shown in Fig. 9(a) suggest that the shifts are not limited to a specific perceptual dimension. For example, gA is shifted in the direction of desaturation, whereas bC is shifted in hue and towards greater saturation. This pattern of results is not in complete agreement with the previous claims mentioned in Subsection 2.A.
The measurements here (Figs. 4-6 , left-hand columns) allow a comparison of the accuracy of color memory on the L/M and the S dimensions. Color memory of the isolated patches of light is more accurate on the L/M dimension than on the S dimension. Changes along the S dimension, in general, cause shifts in both saturation and hue. Only six color stimuli were used here, so no comprehensive statement is appropriate about shifts of color in memory. The evidence, however, does not support shifts in saturation only. This issue is worthy of further study.
Memory shifts with the complex background [ Fig. 9(b) ] are similar to but often larger than the shifts observed with the test alone [ Fig. 9(a) ]. Again, these shifts are not in saturation only.
One possible cause of the larger shifts with a complex background is a difference in experimental paradigms. Recall that in the complex-background condition the subject was exposed to two different test illuminants and made many settings under each test illuminant. Perhaps the larger shifts in the complex-background condition reflect the tendency of a setting to drift toward the average of the previous settings under different illuminants (a central-tendency effect 27 ). In the test-alone condition the test illuminant is not a factor in making settings. We can consider the central-tendency explanation by comparing the mean results [ Fig. 9(b Fig. 9(b) ]. A central-tendency effect, therefore, cannot account for the complex-background results.
Another possible explanation for larger shifts in the complex-background condition concerns the representation of color in memory. A neural representation of a color in memory is the final state of a complex neural coding process, from receptors to retinal neurons to lateral geniculate nucleus to visual cortex. Each stage may affect the representation of color in memory. In the testalone condition, the representation of a color in memory, whatever it may be, depends on a stimulus described completely by the test light absorbed by the photoreceptors. In the complex-background condition, on the other hand, there may be two possible representations: one due to the test light absorbed by photoreceptors and another closer to an inferred surface reflectance after one has taken account of light in other regions. The multiple representations may result in different memory shifts. This speculative hypothesis requires further study.
C. How Seriously Do We Take the Surface-Reflectance Hypothesis?
At the beginning of the paper we stated the surfacereflectance hypothesis, which posits that observers somehow infer the spectral surface reflectance of the test by exploiting information available from the light in surrounding regions. The experiments, however, test only whether discounting of the illuminant used during training occurs at some stage during the process. The results do not reveal the accuracy of the recalled colors with respect to the surface reflectances used to generate them but reveal rather that the illuminant used to generate the training stimuli fails to cause a difference in the color recalled (in the long-delay, complex-background condition). This cannot be attributed to indiscriminable or ''fuzzy'' color memory, as shown by the accurate recall in the testalone condition. Although we do not know whether discounting of the illuminant occurs at the encoding stage, the storage stage, or the retrieval stage of the process, there is no doubt that the effect of the illuminant during training, and thus the degree of color constancy, depends significantly on the chromatic complexity of the scene in view.
